Abstract: This paper presents a generalized approach to the mechanisms of oxidation, hydrogenation and nitriding of metals under ion irradiation with reactive particles at elevated temperatures. Experimental results on the plasma oxidation of bilayered Y/Zr lms, the plasma hydrogenation of Mg lms and the ion beam (1.2 keV N + 2 ) nitriding of stainless steel are presented and discussed. We make special emphasis on the analysis of surface e¬ects and their role in the initiation of mixing of bilayered lms, the ingress of reactive species in the bulk and the restructuring of the surface layers. It is suggested that primary processes driving reactive atoms from the surface into the bulk are surface instabilities induced by thermal and ballistic surface atom relocations under reactive adsorption and ion irradiation, respectively. The di¬usion of adatoms and vacancies, at temperature when they become mobile, provide the means to relax the surface energy. It is recognized that the stabilizing e¬ect of surface adatom di¬usion is signi cant at temperatures below 300-350 o C. As the temperature increases, the role of surface adatom di¬usion decreases and processes in the bulk become dominant. The atoms of subsurface monolayers occupy energetically favorable sites on the surface, and result in reduced surface energy.
Introduction
The modi¯cation of surface properties of metals has potentially useful applications in corrosion inhibition, heterogeneous catalysis, tribology, electrochemistry, sensors and medical devices [1{3] . The interaction of reactive species with metals results in the formation of surfaces and surface layers with unique properties leading to a variety of applications. Much progress has been made towards understanding the di®usion mechanisms of reactive species (oxygen, hydrogen and nitrogen) in poly (crystalline) metals and alloys [4] . However, the situation is more complex with regard to reactive species di®usion in metals and alloys under ion beam/plasma irradiation in reactive atmospheres, which control the gas-metal interactions. The gas saturation mechanisms of surface layers become more complicated and the interpretations of the behavior of reactive particles presented in the literature correspondingly more controversial [5] , [6] . Short circuit mechanisms of atomic mass-transport of both matrix atoms and reactive species are of a great importance. Recently, extensive studies of the development of grain structure and grain boundary texture have been conducted for di®erent metals and alloys in the reactive atmosphere under ion irradiation at elevated temperatures [7] , [8] .
Analysis of experimental results shows that some generalizations can be made: (1) the e±ciencies of oxidation, hydrogenation and nitriding are dependent on the surface pretreatment technologies of metals and alloys prior to plasma/ion beam irradiation, (2) the di®usion coe±cient of reactive species in metals and alloys at elevated temperatures (400 { 600 o C) di®ers in values of the di®usion coe±cient for high-temperature (1000 { 1100 o C) by as high as 4 orders of magnitude, and (3) two di®erent behaviors of reactive species were observed during saturation kinetics: the penetration rate of reactive species is initially rapid, then decreases with time and approaches a parabolic rate law. Several mechanisms have been suggested for the explanation of the experimental observations, including inward di®usion of reactive species along grain boundaries, ingress by dissociation of reactive species across cavities during outward di®usion of matrix atoms, opening of micro¯ssures due to anomalous di®usivity along grain boundaries and in the bulk phase, transport through micro pores etc. [9] , [10] It is generally believed that the reactive elements tend to segregate to grain boundaries either as chemical compound particles or as ions, and these decrease the outward°ux of cations along grain boundaries. The overall saturation rate will, consequently decrease with values of one to two orders of magnitude.
We have recently studied oxidation of the Pb/Ti [11] and Y/Zr [12] polycrystalline bilayers subjected to annealing in oxygen atmosphere at elevated temperatures and found formation of nanocrystalline homogeneous compounds PbTiO 3 and YSZ, respectively. It has been shown that oxidation under ion irradiation decreases the oxidation temperature and increases the e±ciency. Qualitatively, the same results have been obtained in the studies of plasma hydrogenation of Mg/Ni bilayers. [14] . In all these systems the synthesis reaction took place as result of mixing of bilayers with continuous supply of oxygen through the surface during annealing under irradiation in reactive plasmas. The plasma nitriding of an austenitic stainless steel is widely used due to an unusual combination of properties of the nitrided layers. The formation of rather thick (several microns and more) surface layers of expanded austenite is well established. Expanded austenite is characterized by a very high content (¹ 20 { 30%) of interstitially dissolved nitrogen leading to the expansion of the lattice constant. Gas and liquid nitriding need temperatures between 500 o C and 600 o C, which are detrimental to corrosion resistance due to structural transformations. The plasma nitriding tends to decrease the treatment temperature up to 350 { 400 o C [3] .
In addition to reporting in-house experimental data, the aim of this paper is to summarize the important¯ndings in the literature and to discuss di®erent aspects related to the mechanisms of saturation of metals by reactive elements.
Experimental investigation
Plasma-enhanced magnetron-sputtered deposition (PMD) system, described in [15] , was employed for the independent control of the sputter-deposition and ion irradiation of bilayers. Two cylindrical magnetrons (5.0 cm diameter) in the vacuum chamber (0.5 m diameter and 1.2 m long) symmetrically surrounded the substrate holder that hosted 1 x 1 cm 2 size samples of Si(111). The gap between the magnetron and the sample was 7 cm. A pulsed power supply was used to produce a plasma that was independent of the plasma produced by the magnetrons in the¯lm deposition regime. This independently generated plasma enveloped the sample holder, which was biased negatively, to perform the ion-sputter cleaning before the deposition in argon plasma and implantation of ionized reactive gases (O Before each experiment, the chamber was pumped to a background pressure of 10
¡3
Pa. With a shutter placed between the target and the substrate, the chamber was¯lled with Argon to the working pressure 10 ¡1 Pa and magnetron targets were sputtered for 15 min. After this period argon pressure was reduced to 8 x 10 ¡2 Pa and after displacing the shutter the Mg¯lms and bilayer Y/Zr¯lms were deposited. The substrate was not additionally heated, but the temperature increased up to 80 { 120 o C depending on deposition parameters. The deposition rate was evaluated from¯lm thickness measurement using a laser interferometer. The deposition rate of yttrium was 3. For ion beam nitriding, the samples were prepared from an austenitic Fe-Cr-Ni stainless steel (AISI 304) with nominal composition of 70% Fe, 20% Cr, and 10% Ni in the form of 2 mm thick rectangular plate with an average grain size of about 30 ¹m. The nitriding was conducted using a broad beam Kaufman nitrogen ion source. Details of the ion beam nitriding were previously reported [16] . The Nitrogen depth pro¯les were measured employing nuclear reaction analysis (NRA) technique.
The microstructure of surface layers was analyzed by X-ray di®raction (XRD) with the 2£ angle in the range of 20 { 70 o using CuK ® radiation in steps of 0.05 o . Peak position and full-width of peak at half maximum intensity were obtained by¯tting the measured peaks with two Gaussian curves in order to¯nd the true peak position and width corresponding to monochromatic K ®1 radiation. The average crystallite dimension of¯lms, D, was calculated using the formula D = 0:9¸/(¯cos £) neglecting the microstrain, where¸is the X-ray wavelength, £ is the Bragg di®raction angle and¯is the full-width of the peak after correction for instrument broadening. The depth distribution of components in thē lm was analyzed using secondary ion mass-spectrometry (SIMS). Ar + ions (7 keV, 120 nA) were scanned over a sample area (250 x 250) ¹m 2 and charging was compensated using electron cloud. The sputter-time pro¯les were converted onto sputter-depth pro¯les using the measured eroded depth (Tencor alpha stepper) and were analyzed according to standard mathematical procedures [17] . Scanning electron microscopy (SEM) together with the atomic force microscopy (AFM) has been applied to characterize surfaces and undersides of oxide scales. The microstructure of stainless steel was investigated by transmission electron microscopy (TEM, JEOL 200CX) operating at 200 kV electron acceleration voltage and using thin¯lm foils prepared from material segments parallel to surface.
Results

Oxidation of bilayer Y/Zr¯lms
The XRD di®raction pattern of as-deposited Y/Zr (0.1 ¹m Y on 1.0 ¹m Zr)¯lm is shown in Figure 1a Figure 2a shows SIMS distribution pro¯les of Y, Zr, O and Si elements in the asdeposited bilayer Y/Zr¯lm. The surface is enriched with oxygen atoms, which can be included in surface oxides, OH groups and water after exposure in air. The oxygen peak at the interface probably corresponds to the oxygen atoms of the natural silicon oxide layer on silicon substrate. After the oxidation in oxygen plasma at 400 o C for 30 min, the initially two-layered¯lm shows homogeneous distribution of elements through the¯lm ( Figure 2b ). The compositional variations in the near surface region may be related to a process of preferential sputtering before the steady state regime of sputtering is reached. The¯lm thickness decreases to 0.9 ¹m after oxidation in plasma as a result of sputtering. The SIMS analysis results show that the complete intermixing of atoms from Y and Zr layers and oxygen atoms takes place during oxidation in oxygen plasma at 400 o C for 30 min. It is noted : (i) distribution pro¯les of main elements show horizontal shape in the bulk, and (ii) substrate Si atoms moved into the¯lm. The AFM analysis was performed to identify surface topography of single crystallites and grain boundaries (Figure 3 ). It was observed in all cases that large-scale morphology is controlled by regular nm-high growth mounds which are separated by a characteristic distance around 200-300 nm. Experimental and computational modeling [18] have shown that the formation of mounds is produced by an asymmetry in the attachment of mobile adatoms at ascending versus descending steps: this \di®usion bias" destabilizes the formation of low miscut surfaces. They are observed on the as-deposited¯lm ( Figure  3a ) and on the¯lm after oxidation in oxygen plasma during 30 min at 400 o C ( Figure   3b ). In addition to the growth mounds, surface steps produced by plastic deformations of YSZ¯lms, i.e. \slip-steps", become apparent for the oxidized¯lms. In most cases, dislocation nucleation and glide appear to have occurred during oxidation since the island morphologies are continuous across slip-steps. Slip-steps formed during oxidation rapidly produce cracks and peeling. The formation of slip-steps can be explained by the compressive stress in grains due to accommodation of adatoms at the interface between grain boundaries [19] and the subsequent plastic deformation of grains due to dislocation emission and glide [20] . The AFM images show ( Figure 3 ) that after oxidation, the surface topography includes many well-de¯ned boundaries which are open and may serve as channels for the transportation of oxygen from the surface into bulk. These coatings possibly have a columnar open and porous structure, which makes them transparent for gases supplied through the surface. Figure 4 shows SEM cross-sectional views of as-deposited Y/Zr¯lm (Figure 4a ) and annealed in oxygen plasma at 400 o C for 30 min (Figure 4b ). It is seen that¯lms have a grained structure and columnar appearance. Films after oxidation consist of coarse columnar grains that extend through the scales, from the surface to the substrate. These oxides are essentially dense except for some microporosity at oxide substrate interface. It may be concluded that the experimental observations of oxidation of bilayered Y/Zr lms in oxygen plasma demonstrate that after oxidation at temperatures above 400 o C for 30 min., the bilayered¯lms become homogeneously mixed and oxidized with nanocrystalline structure. In order to understand the mechanism of oxidation, it is important to note that the restructuring and mixing processes have the critical temperature of about 250 o C. Below the critical temperature the atomic mixing process and oxidation e±ciency decrease dramatically, so that at 400 o C, the atomic mixing e±ciency becomes four-¯ve
times the values at 250 o C for Y/Zr¯lm. On the basis of the evolution of the amplitude of Mg, MgH and MgH 2 peaks in XRD patterns, the dependence on the hydriding duration of the fractional volume of MgH 2 phase in Mg¯lm has been determined ( Figure 6 ). It is seen that the e±ciency of hydrogenation is low at temperatures below 100 o C (curves 1 and 2, Figure 6 ) and it sharply increases at higher temperatures (curve 3 { 130 o C and curve 4 { 180 o C, Figure   6 ). The SEM surface analysis shows that the as-deposited Mg¯lm has a homogeneous surface structure (Figure 7a ) which becomes columnar with well-developed grain boundaries and channels between grains after the plasma hydrogenation (Figure 7b ). Figure 8b illustrates the NRA nitrogen distribution pro¯les measured after ion beam nitriding for the¯xed irradiation°uence of 4¢10 19 cm ¡2 and di®erent ion current densities (1 mA¢cm
Plasma hydrogenation of Mg¯lms
¡2
for curve 1; 0.75 mA¢cm ¡2 for curve 2 and 0.5 mA¢cm ¡2 for curve 3) at 400 o C. It is seen that with the increase of the irradiation intensity the nitriding e±ciency increases. Figure 9 shows the electron di®raction patterns of the nitrided sample in the nearsurface region saturated with nitrogen after irradiation at 400 o C for 2h (irradiation°u ence of 4¢10 
Discussion
Long-range mass transport driven by surface instabilities
It is well established that an adsorption of reactive atoms and molecules makes metallic surfaces dynamic [22] , [23] . The surface chemistry tends to optimize bondings between reacting species and it results in surface di®usion of adatoms over distances of many atomic bonds. The continuous reactive adsorption makes that surface structure change in time adjusting to changes in chemical environment, which leads to local and long-range restructuring. The lower the coordination of metal atoms, the more easily they restructure to optimize surface adsorption bonds. In the following, we shall attempt to persuade the reader that surface atom relocation and restructuring processes initiated by chemical (reactive adsorption) and physical (ballistic relocation) processes are dominant in the organization of long-range penetration of reactive species into the bulk and restructuring of the near surface layer.
The surface atom relocation process results in the formation of surface vacancies and adatoms, as it is shown schematically in Figure 10 . If under ion irradiation the energy of surface activated atoms related to the normal component of momentum is higher than the surface binding energy, which is approximately equal to half of the sublimation energy, they are emitted and leave the solid, if not, they can be displaced and readsorbed [24] . Reactive adsorption decreases the binding energy of metal atoms on the surface. The relocation length of displaced atoms depends on the forces of interaction between adatoms and the solid and can be quanti¯ed in terms of adatoms mobility, surface di®usion activation energy and temperature. As the temperature increases the surface becomes rougher [25] .
The frequency probability of the displacement of surface atoms from their steady state sites can be expressed for the i atoms as w i = w io exp(-¢E i /kT) where w i0 º 10 12 ¡ 10 13 s ¡1 and ¢ E i is the energy required to form surface vacancy for the i atoms.
The e®ect of energetic incident particles is to increase the relocation frequency above the thermal levels. The total frequency relocation probability is the sum of the thermally activated jumps plus the ion impact induced ballistic relocations
where D is the number of displaced surface atoms by one incident ion, I 0 is the°ux of incident ions and C is the surface concentration. The surface atom relocation process is in reality a sequence of two processes: thē rst one, the thermal displacement of atom and formation of surface vacancy and, the second one, the migration of adatom and relaxation into adsorption site on the surface. The relocation process may be generalized for the special case of erosion and growth and can be considered mathematically by the same formalism as simultaneous sputtering and deposition [26] .
For simplicity the substrate may be divided into monolayers, with h 0 the thickness of one monolayer and the one-monolayer approximation may be used. It means that the top monolayer is considered as the emission one, which de¯nes the boundary conditions for the processes in the bulk. The°ux of the i atoms leaving the emission layer is equal to w i c (1) i , where w i is the frequency probability of the displacement of i atoms on the surface, and c The°ux of atoms arriving into the emission monolayer consists of two parts: 1) the°ux of incident reactive atoms and molecules which in normalized units is equal to i i = I 0 /C, where I 0 is the°ux of incident particles and C is the concentration of atoms on the surface
, and 2) the°ux of readsorbed atoms. The°ux of displaced i atoms incident to the surface is equal to¯i w i c (1) i , where¯i is the probability that displaced i atoms will not leave the substrate. The adsorption rate of i atoms to the j atoms on the surface can be expressed as
i´ ( 2) where ® ij is the sticking probability of i atom to the j atom on the surface.
The balance equation for the i atoms on the surface can be written as
where the¯rst term on the right hand side corresponds to the removal rate of i atoms from the surface monolayer as a result of thermal and ballistic displacements, and the last term on the right is due to the coverage of i atoms by any type of adsorbed atom, and the terms with positive sign give the arrival rate of i atoms into the emission monolayer as a result of the adsorption of relocated atoms (the third term) and as a result the arrival of i atoms from the second monolayer after the removal of any type of atom (the second term). Here c (2) i denotes the concentration of the i atoms in the second monolayer. Eq. (3) is based on the assumption that the atomic volumes of all atoms are equal and the substrate stability is ensured by the requirement that the number of atoms in each monolayer obey a packing condition P c (K) i = 1. We observe that the generation of surface vacancies and adatoms, as is schematically shown in Figure 10 , results in the renumeration of monolayers for atoms located beneath. After the formation of surface vacancy, the atom of the second monolayer becomes the atom of the¯rst one, and the atom of the K-th monolayer becomes the atom of the (K ¡ 1){th monolayer. The readsorption forms the adatom and it results in the atom of the¯rst monolayer becomeing the atom of the second one and the atom of the K-th monolayer becoming the atom of the (K + 1){th one. The balance equation for the i atoms of the K-th monolayer can be written as
where
is the surface erosion rate and V a =
is the surface boundary growth rate. Eqs. (3) and (4) together with¯xed initial conditions form the system of equations for calculation of distribution pro¯les c (K) i of constituents. Eq. (4) belongs to the class of the di®usion equations which, as it is presented, is written in the form of¯nite increments, with a step equal to the thickness of one monolayer h 0 . The e®ective di®usion coe±cient D* and the surface movement velocity V are expressed as
The steady state approach is justi¯able because as soon as surface composition reaches a steady state, the parameters D* and V become constant. In the monolayer approximation, the steady state surface composition is established in a few seconds.
The reactive atoms are incorporated in the following manner: it is assumed that the most reactive constituent of displaced surface metal atoms M i react with adsorbed reactive atoms R forming M i R chemical bondings. Reactive atoms are interstitially located in the matrix. It simpli¯es our analysis since the normalization condition for the balance equations for all monolayers remain as P c
where n is the number of matrix constituents, and the°ux of incident reactive atoms in Eq. (2) can be neglected.
The solution of Eq. (4) gives the steady state distribution of reactive atoms:
where a i and b i are constants de¯ned by boundary conditions as in [21] . The characteristic thickness of the surface layer including reactive atoms x 0 is given by Figure 11 contains pro¯les of distribution of reactive atoms calculated for the temperature of 600º C, ¢E = 1 eV for all constituents and for di®erent treatment time durations t = 5, 10 and 100 s (curves 1-3) , respectively. It is seen that distribution pro¯les approach the steady state distribution with characteristic thickness de¯ned by Eq. (7).
We observe that the following condition
prevails when the characteristic thickness of the reactive gas saturated layer goes to in¯nity. The physical interpretation of Eq. (10) may be as follows. There exists the regime where all displaced atoms are readsorbed (V d º V a ), and the system tends to an unstable state. In this regime, the thickness of the mixed layer goes to in¯nity if t ! 1, and the e±ciency of the gas supply into the bulk is de¯ned by the surface atom relocation frequency of the most reactive constituent (curves 4 and 5, Figure 11 ).
The instabilities may be related to surface roughening [27] . The increase in roughness is correlated in many cases with the increase in surface energy. The increase in surface roughness, or surface energy, i.e. the number of broken links multiplied by the pairinteraction (bond energy), cannot be in¯nite. When the surface energy reaches a critical value, the processes which tend to stabilize the surface energy are initiated.
The stabilization of surface energy requires annihilation of surface vacancies and adatoms. This may be realized in two ways: 1) the surface di®usion of adatoms and annihilation of surface vacancies by occupation of empty sites, and 2) the transport of matrix atoms from the bulk into the empty sites on the surface and the di®usion of adatoms into the bulk. The¯rst regime is dominant at temperatures less than 300 o C [28] and the second prevails at higher temperatures, when point defects become mobile in the matrix of the material [29] .
Restructuring
The production of surface defects due to surface displacement and annihilation processes results in a quasi-dynamic equilibrium between production, conversion and disappearance mechanisms and leads to the formation of a highly activated state on surface. The dynamic state of the surface supported by high-°ux ion irradiation is thus perceived to create, at least dynamically, an imperfect near-surface region highly enriched with reactive species. The concentration of accommodated reactive atoms in this layer is°ux dependent and saturates. The densi¯cation of layer takes place. The surface layer becomes both chemically and physically distinct from the underlying bulk material. The di®erence in chemical potentials between activated surface layer, bulk and grain boundaries is established. The excess chemical potential of the surface relative to the grain boundaries produces a net°ux of atoms from the interstitials into the grain boundaries that generates compressive stress in the grains [19] . When the stress exceeds the limit of plasticity, stress relaxation occurs through the movement of dislocations. If dislocation movement at the grain boundaries is prevented, then subgrains form within the original grain structure. The development of a cell structure occurs by entanglement of dislocations on various slip systems. Subgrains develop by (dynamic) recovery. In this manner the uptake of reactive gas atoms through the grain boundaries in open contact with the highly activated surface occurs. Thus, the high surface chemical potentials are imposed not only on the external surface but also on the internal grain interfaces. The di®usivity along boundaries in the temperature range studied is signi¯cantly higher (by more than ve orders of magnitude for oxygen) than the lattice di®usivity of reactive species [30] . An estimate of internal stresses in the nitrided layer shows that accommodated biaxial stresses are of the order of few GPa [31] . The yield stress for stainless steel under biaxial compression is of the order of 200 MPa. Thus, compressive stress provides a strong driving force for the plasticity in the grains. The plastic deformation of grains results in their highly defected structure and fragmentation. As a consequence the lateral inward di®usion of reactive species through the grain boundaries takes place.
Conclusion
A tentative explanation of the processes driving the long-range motion of matrix atoms and synthesis of chemical compounds in sub-surface layers of metals and alloys under high-°ux reactive ion irradiation at elevated temperature has been presented. It is emphasized that processes on the surface destabilizing the surface energy are dominant in the organization of relaxation°uxes of atoms driven from the surface to the bulk and vice versa at elevated temperature, and may well be responsible for the mechanisms of transport of reactive atoms and mixing.
Reactive adsorption increases the surface chemical potential and dynamic behavior of adatoms makes surface°exible. Under highly non-equilibrium conditions, the di®erence in chemical potentials between the surface and grain boundaries is established. The excess of chemical potentials drives the adatoms, including adatoms with chemically attached reactive atoms, form the surface into grain boundaries and creates high compressive stresses. The balanced°ux of metal atoms directed from the bulk to the surface is driven by the increase in roughness and tends to stabilize surface energy. 
